Introduction
============

The recent literature has reported that resistance exercise may be a promising intervention for some chronic diseases. For instance, bone mineral density, power, muscle mass, muscle strength, and functional abilities can be enhanced by this type of exercise ([@B01]). In addition, a number of studies performed in humans have suggested that resistance training improves several aspects of cognition ([@B02]-[@B05]).

Our group showed that resistance training for 24 weeks induced explicit long-term memory, working memory and executive function in elderly individuals with a significant increase in systemic insulin-like growth factor 1 (IGF-1) levels ([@B05]). A similar increase of systemic IGF-1 in elderly subjects submitted to resistance training has also been reported in another study ([@B06]). Moreover, peripheral IGF-1 level appears to positively correlate with cognitive performance, especially in the elderly population ([@B07],[@B08]).

These findings suggest that circulating IGF-1 contributes to the neuronal plasticity induced by resistance training. Indeed, studies have shown that peripheral IGF-1 can cross the brain blood barrier and play roles as a neurotrophic factor, particularly in the hippocampus, activating various central mechanisms related to cognitive processes ([@B09]). In addition to the systemic source, locally expressed IGF-1 and its receptor (IGF-1R) in the hippocampus can also play a part in neuroplastic changes induced by voluntary physical exercise as shown by Ding et al. ([@B10]).

Whereas the positive impact of resistance exercise on cognitive functions is evident in humans, its driving neurophysiological mechanisms remain unclear, although IGF-1 appears to be one of the mediators. Thorough investigation of these beneficial effects may not only bring new insight into the communication between central nervous system and body parts, but may also provide valuable information for the development of novel therapeutic strategies for neurological diseases ([@B11]).

Improved muscle strength and hypertrophy observed in humans after resistance exercise can be reproduced in rodent models using several distinct apparatuses for resistance exercise ([@B12]). However, the effect of resistance exercise on brain functions has not been evaluated in these models. Thus, the objective of the present study was to validate an animal model for resistance exercise (in rats), capable of improving the performance in hippocampus-dependent memory tasks and also to correlate memory task performance with IGF-1/IGF-1R levels.

Material and Methods
====================

All animal procedures followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Publication No. 85-23, revised 1985), approved by the Ethics Committee of UNIFESP (License No. 0778/07) and were performed under adherence to the American College of Sports Medicine animal care standards.

Animal care
-----------

Wistar rats, 90 days old, were provided by the "Centro de Desenvolvimento de Modelos Experimentais para Medicina e Biologia" (CEDEME), Universidade Federal de São Paulo. The animals were housed in groups of 5 in standard polypropylene cages. Room temperature was maintained at 22° ± 1°C and relative humidity at 55 ± 3%. Animals were kept on a 12:12-h light-dark schedule (lights on at 7:00 am) and had free access to food and water. All experimental procedures were performed between 1:00 and 5:00 pm according to established guidelines ([@B13]).

Familiarization protocol: up ladder performance
-----------------------------------------------

Before any manipulations or resistance training, all animals were submitted to a familiarization session named "up ladder performance" on an 80° inclined vertical ladder apparatus (110 × 18 cm) with 2-cm grid steps. A housing chamber (25 × 25 × 20 cm) was located at the top of the ladder ([@B12],[@B14]).

The familiarization protocol consisted of three trials per day for 3 days. During this protocol, the rats were kept in the housing chamber for 60 s, and then placed on the proximal length (35 cm) of the ladder. In the second trial, the rats were placed on the middle length (55 cm) of the ladder. In the last trial, the rats climbed the whole ladder (110 cm), and the time spent climbing was recorded. According to this up ladder performance, the animals were paired and distributed into the following groups: control group (CTRL, N = 10), sham group (SHAM, N = 10), and resistance exercise group (RES, N = 10). This protocol assures that the animals are homogenously distributed into three groups, at least in relation to climbing performance.

Control group
-------------

CTRL animals were left in their home cages throughout the experiment and were handled for 5 min daily, 5 times a week (Monday to Friday).

SHAM group
----------

SHAM animals were left at the top of the vertical ladder for 15 min while RES animals exercised on the same apparatus. This procedure was performed 5 times per week (Monday to Friday). This group was included to evaluate possible effect of animal exposure to a novel environment (vertical ladder apparatus).

Resistance exercise protocol
----------------------------

The resistance training protocol was modified from the previously described one ([@B12],[@B14]). RES animals were submitted to progressive resistance exercise for 8 weeks, 5 times a week (Monday to Friday) using a load that consisted of 50-mL conical tubes attached to 13.5-cm plastic-coated steel cable fixed by a coastlock snap swivel. The load was fixed on the tail of the rats using a Scotch 23 rubber tape (Scotch 3M, USA). For each climb, the animals had to make 8-12 repetitive dynamic movements to reach the housing chamber. The resistance exercise protocol is presented in Table S1.

Passive avoidance task
----------------------

Twenty-four hours after the last training session, the animals were submitted to a step-through passive avoidance (PA) task. The PA apparatus consisted of two acrylic boxes, each measuring 21 × 26 × 27.5 cm, connected by a sliding door. A box with white acrylic walls was designated as the safe compartment, whereas the other black acrylic box was the aversive compartment. The floor of the apparatus consisted of parallel metal rods (0.4 cm in diameter), separated by a distance of 1.2 cm from each other, and connected to an electric shock generator. During the task training, each animal was placed in the safe compartment with the sliding door closed. Ten seconds later, the door was opened. As soon as the animal crossed to the aversive compartment with its four paws, the door was closed and the animal received one footshock (0.6 mA/1 s). The latency to cross into the black chamber was measured in seconds. In the test phase, 24 h later, the animals were subjected to the same test and the latency to move to the aversive chamber was measured ([@B15],[@B16]). The maximal latency was set at 540 s.

Tissue collection and processing
--------------------------------

Twenty-four hours after the memory task, the rats were euthanized by decapitation. The trunk blood was collected into dry tubes and centrifuged (3500 *g*, 10 min) for serum collection. The hippocampus and the striated skeletal muscle flexor digitorum longus muscle (FDL, an ankle extensor muscle that participates in the climbing movement) of the right leg were dissected. The hippocampus was immediately frozen in liquid nitrogen, and each FDL muscle was entirely removed and coated with embedding medium (Tissue-Tek OCT, Miles Inc., USA) and immersed in liquid nitrogen-cooled isopentane. All tissues and serum were stored at -80°C until use.

Measurement of fiber cross-sectional area of the FDL muscle
-----------------------------------------------------------

Transverse sections (8-µM thick) were cut from the mid-belly of the flexor muscle in a cryostat at -20°C, melted onto poly-L-lysine coated microscopic slides (Superfrost, Fisher Scientific, USA) and stained with Meyer\'s hematoxylineosin (H&E). Digital images of H&E-stained sections were obtained with an Olympus bright field microscope BX50, fitted with a DP71 camera (USA) with a 40X objective. Blind analysis of the cross-sectional area of 100 fibers per muscle sample was performed using the Axio Vision 4.6 software (Carl Zeiss MicroImaging GmbH, Germany).

IGF-1 measurement
-----------------

The hippocampus was homogenized as described elsewhere ([@B17]) and the total protein content was determined by the method of Lowry et al. ([@B18]). The concentration of systemic and hippocampal IGF-1 was measured (in serum) using an immunoradiometric assay kit for IGF-1 (IRMAIGF-1 A15729, Immunotech, France) according to manufacturer specifications. Human recombinant IGF-1 was provided for the standard curve, which was not appropriate for rat samples. Thus, the IGF-1 levels in the SHAM and RES groups are reported as percentage of the control mean.

Statistical analysis
--------------------

The Statistica software (Statsoft, USA) was used for all statistical analyses. The Shapiro-Wilk W-test was used to determine normality. For the parametric variables (latency on the day of the PA test; muscle fiber cross-sectional area), one-way ANOVA was used, followed by the Tukey test. The Kruskal-Wallis test was used for the nonparametric variables (systemic and hippocampal IGF-1 and hippocampal IGF-1R). The Spearman correlation coefficient between PA performance and systemic IGF-1 was calculated. The level of significance was set at 5%, and data are reported as means ± SD.

Results
=======

Effect of progressive resistance exercise on FDL muscle
-------------------------------------------------------

To ensure the effectiveness of the exercise, we analyzed the cross-sectional area of the FDL muscle. As shown in [Figure 1](#f01){ref-type="fig"}, the muscle fiber area of the RES group was increased compared to SHAM and CTRL \[CTRL = 2753.80 ± 359.54 µm^2^; SHAM = 2620.57 ± 205.93 µm^2^; RES = 3711.84 ± 279.45 µm^2^; *F~(2,27)~* = 42.56, P ≤ 0.001\], indicating the efficacy of the protocol applied for 8 weeks to cause muscle hypertrophy.

Figure 1.Effect of resistance exercise on the cross-sectional area of the rat flexor digitorum longus (FDL) muscle. The FDL muscle fiber cross-sectional area of control (CTRL, N = 10), sham (SHAM, N = 10), and resistance exercise groups (RES, N = 10) was measured after 8 weeks of exercise. Data are reported as means ± SD. ^\*^P ≤ 0.001 (one-way ANOVA followed by the Tukey test).

Effect of progressive resistance exercise on the memory task
------------------------------------------------------------

[Figure 2](#f02){ref-type="fig"} shows the results of the inhibitory avoidance test, measured by latency to enter the dark compartment on the test day, indicating an improvement of memory in the RES group compared to the other groups \[CTRL = 275.50 ± 214.61 s; SHAM = 291.60 ± 134.02 s; RES = 470.30 ± 132.48 s; *F~(2,27)~* = 4.64, P ≤ 0.05\].

Figure 2.Effect of resistance exercise on the passive avoidance test. Latency to enter the dark compartment on the training day and test day of control (CTRL, N = 10), sham (SHAM, N = 10), and resistance exercise groups (RES, N = 10) was measured after 8 weeks of exercise. Data are reported as means ± SD in relation to the CTRL group. ^\*^P ≤ 0.001 (Kruskal-Wallis test).

Effect of the progressive resistance exercise on IGF-1 levels
-------------------------------------------------------------

As shown in [Figure 3A and B](#f03){ref-type="fig"}, the relative concentration of systemic and hippocampal IGF-1 was increased in the RES group compared to the CTRL and SHAM groups \[[Figure 3A](#f03){ref-type="fig"}: CTRL = 100 ± 5.81%; SHAM = 95.92 ± 7.12%; RES = 143.40 ± 14.89%; H = 20.39, P ≤ 0.001\]. \[[Figure 3B](#f03){ref-type="fig"}: CTRL = 100 ± 14.77%; SHAM = 104 ± 20.05%; RES = 194.64 ± 27.76%; H = 19.59, P ≤ 0.001\]. Systemic IGF-1 showed a positive correlation with the latency to cross into the dark compartment on the day of the PA test ([Figure 4](#f04){ref-type="fig"}; r = 0.46; P ≤ 0.05). Moreover, the concentration of systemic IGF-1 was correlated with hippocampal IGF-1 ([Figure 5](#f05){ref-type="fig"}; r = 0.83; P ≤ 0.001), suggesting a relationship between systemic and hippocampal IGF-1.

Figure 3.Systemic and hippocampal insulin-like growth factor-1 (IGF-1, ng/mL). The concentration of systemic (*A*) and hippocampal (*B*) IGF-1 of control (CTRL, N = 10), sham (SHAM, N = 10), and resistance exercise groups (RES, N = 10) was measured after 8 weeks of exercise. Data are reported as means ± SD in relation to the CTRL group. ^\*^P ≤ 0.001 (Kruskal-Wallis test)

Figure 4.Correlation between the concentration of systemic insulin-like growth factor-1 (IGF-1, ng/mL) and the latency to enter the dark compartment of the passive avoidance apparatus on the test day. The Spearman rank order correlation test was performed using samples from all groups (N = 30).

Figure 5.Correlation between systemic and hippocampal insulin-like growth factor-1 (IGF-1, ng/mL). The Spearman rank order correlation test was performed using samples from all groups (N = 30).

Discussion
==========

Resistance training, a type of physical exercise to increase muscle mass, strength by doing repetitive exercises with weights, weight machines, or resistance bands, is one of the most recommended exercises and is applied as a primary intervention for sarcopenia, improvement of physical function, and prevention of functional limitations and muscle weakness in elderly persons ([@B19]). In addition, there is growing evidence that resistance exercise may be a positive factor for cognitive functions ([@B02],[@B05],[@B20]). Thus, an animal model that mimics the effects of resistance exercise may be an important tool to understand the underlying mechanisms.

The increase of muscle size is referred to as hypertrophy, and this adaptation is one of the most important features associated with resistance exercise training. In the present study, the RES group, which performed progressive resistance training, exhibited FDL muscle fiber hypertrophy. This result confirms the efficacy of the exercise protocol and corroborates other studies that found similar results ([@B12],[@B14]).

After the intervention period, the RES group took more time to enter the dark compartment on the test day in the inhibitory avoidance task compared to the CTRL and SHAM groups. Similar memory improvement has also been observed in animals submitted to forced treadmill running, swimming or voluntary wheel running protocols, where aerobic metabolism is emphasized ([@B10],[@B21]-[@B28]). To the best of our knowledge, ours is the first study that shows the positive impact of progressive resistance exercise on memory using an animal model. Moreover, the properties of this animal model not only reproduced our previous observation showing induction of serum IGF-1 after resistance training in humans ([@B05]), but also demonstrated that hippocampal and systemic IGF-1 increased concomitantly. Similar results were observed in clinical studies showing that young ([@B29],[@B30]) or elderly people ([@B31],[@B32]) submitted to a resistance protocol had increased systemic IGF-1.

It is well known that blood IGF-1 can cross the blood-brain barrier ([@B33]), activate the IGF-1/IGF-1R signaling pathway ([@B34]), influence the hippocampal structure and improve cognition and neuroplasticity ([@B35]). The positive correlations between performance in the PA task and systemic IGF-1 levels and between hippocampal and systemic IGF-1 levels reinforce the idea that circulating IGF-1 has an important role in mediating the effects of resistance exercise on the brain. In fact, the blockage of peripheral IGF-1 prevents running-induced adult neurogenesis, cell proliferation in the dentate gyrus and spine density in basal dendrites of CA1 pyramidal cells ([@B36],[@B37]). This crosstalk between peripheral and central compartments makes the IGF-1/IGF-1R signaling pathway an interesting therapeutic target for neurological disorders ([@B35]).

The memory improvement observed in humans after resistance training was reproduced in a rat model with a concomitant increase of systemic and hippocampal IGF-1. This rat model of resistance training opens a new avenue of research in neuroscience related to sports medicine and exercise.

Supplementary material
======================

Table S1.
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